1. Introduction {#sec1}
===============

N-glycosylation is a co- and post-translational modification that occurs on \>60% of surface and secreted proteins \[[@bib1]\]. While in the endoplasmic reticulum (ER), proteins with the appropriate consensus sequence (Asn-X-Ser/Thr, where X≠Pro) are adorned with a tetradecasaccharide (Glc~3~Man~9~GlcNac~2~) on the Asn residue via oligosaccharyltransferase (OST) \[[@bib1]\]. As the protein is processed through the ER and Golgi, the tetradecasaccharide undergoes a series of enzymatic processing steps to trim and add new sugars, eventually resulting in a fully processed, or complex, N-glycoform; typically capped with sialic acids. This process is critical in protein folding and quality control mechanisms whereby incorrect or premature termination of N-glycan maturation triggers the unfolded protein response (UPR) resulting in protein degradation \[[@bib2],[@bib3]\]. Fully processed N-glycoproteins are trafficked to the cell membrane where they participate in regulating cell-to-cell and cell-environment communication and signaling, or are secreted to perform function in the extracellular space \[[@bib1],[@bib4], [@bib5], [@bib6]\].

While the accepted paradigm of N-glycosylation is that proteins must be fully processed to the complex N-glycoform before being expressed on the cell surface, we and others have identified under-processed, or high mannose (HM), surface N-glycan structures on the surface of inflamed or dysfunctional endothelial cells that characterize vascular inflammation associated with atherosclerosis or cancer \[[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\]. Our recent data have identified the endothelial adhesion molecule, intercellular adhesion molecule 1 (ICAM-1) as one protein whose N-glycoforms are regulated during inflammation. Specifically, we showed that inflammatory stimuli, including TNFα or oscillatory flow, induce expression of both HM and complex N-glycoforms of ICAM-1 on the cell surface \[[@bib10],[@bib16]\]. Further, we demonstrated that HM-ICAM-1 may be the predominant N-glycoform to selectively regulate adhesion of non-classical/intermediate (CD14^+^CD16^+^) or pro-inflammatory monocytes that strongly associate with atherosclerosis disease severity \[[@bib15],[@bib17], [@bib18], [@bib19]\]. HM-ICAM-1 did not mediate adhesion of classical (CD14^+^CD16^−^) monocytes, suggesting distinct endothelial N-glycoforms are important in mechanisms regulating how different leukocyte subsets traffic to specific sites of inflammation. The molecular mechanism(s) that control formation of distinct ICAM-1 N-glycoforms remains are not known.

N-glycan biosynthesis occurs via a linear pathway, suggesting that inhibition of enzymes catalyzing early steps of trimming mannose residues would lead to the accumulation of HM-N-glycans on newly translated proteins ([Fig. 1](#fig1){ref-type="fig"}A). Mannose trimming is catalyzed by class I and class II α-mannosidases \[[@bib1],[@bib2]\]. Class I α-mannosidases are expressed in both the ER and Golgi and sequentially cleave terminal α-1,2 mannose linkages on 9-mannose structures (HM) to form 5-mannose hybrid structures \[[@bib20], [@bib21], [@bib22], [@bib23], [@bib24]\]. Class II α-mannosidases exist in the Golgi, cleaving terminal α-1,3 and α1,6 mannose linkages on 5-mannose hybrid structures to form 3-mannose complex structures \[[@bib20],[@bib23],[@bib25]\] ([Fig. 1](#fig1){ref-type="fig"}A). Our previous work has shown that TNFα inhibits total (class I plus class II) α-mannosidase activity in endothelial cells but the mechanisms underlying this effect remain unclear \[[@bib10],[@bib26]\]. In this study, we demonstrate that inhibition of α-mannosidases by TNFα is class-I dependent, is independent of NF-κB upregulation of ICAM-1, and occurs by an endoplasmic reticulum oxidoreductase 1 -- alpha (ERO1-α) generated hydrogen peroxide (H~2~O~2~) dependent mechanism. These data suggest a novel role for ER-redox signaling in controlling protein N-glycoforms and cell surface and secreted protein function.Fig. 1**TNFα inhibits α-mannosidase activity and in parallel increases HM N-glycan structures on the cell surface. A**. Schematic of N-glycan biosynthesis and location of α-mannosidase enzymes highlighted in red boxes with sites of Kif and Swain inhibition indicated. **B.** Relative α-mannosidase activity in HUVECs, HAECs, and PMVECs after TNFα treatment. \* = p ≤ 0.05 compared to respective controls by one-way ANOVA with Tukey\'s post-test. Data are mean ± SEM, n = 3. **C.** Representative images of lectin staining across cell lines treated with TNFα for 0, 4, and 18 h. Green (ConA and SNA) and red (HHL and MAL-II) represent positive lectin staining. Blue staining is a DAPI nuclear stain. **D -- F**. Relative fluorescence of lectin binding measured by ELISA. \* = p ≤ 0.05 compared to respective controls per lectin. Data are mean ± SEM, n = 3--4. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

2. Methods {#sec2}
==========

2.1. Materials {#sec2.1}
--------------

Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical veins via collagenase as described \[[@bib7]\] and according to UAB Institutional Review Board approved protocols. Human aortic endothelial cells (HAEC) and pulmonary microvascular endothelial cells (PMVEC) were purchased from ATCC (Manassas, VA). MCDB131, HI-FBS, trypsin, [l]{.smallcaps}-glutamine, and Penicillin/Streptomycin were purchased from Invitrogen (Carlsbad, CA). *Concanavalin A* (ConA), *Sambucus Nigra* (SNA), *Hippeastrum Hybrid Amaryllis* (HHL), and *Maackia Amurensis Lectin II* (MAL-II) lectins were purchased from Vector laboratories (Birlingame, CA). Kifunensine (Kif), Swainsonine (Swain), and EUK134 were purchased form Cayman Chemicals (Ann Arbor, MI). EN460 was purchased from Millipore-Sigma (Burlington, MA). Resorufin α-[d]{.smallcaps}-mannopyranoside was purchased from Marker Gene Technologies (Eugene, OR). GKT137831 was a generous gift from Dr. Victor Thannickal (University of Alabama at Birmingham). Antibodies for ICAM-1 and ERO1α were from Cell Signaling Technologies (Danvers, MA) (4915 and 3264, respectively). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

2.2. Cell culture and treatment {#sec2.2}
-------------------------------

HUVEC, HAEC, and PMVEC were cultured in 6 well plates as previously described \[[@bib10]\] and used between passages 3--7 for experiments. Cells were used within one day of reaching confluence and were serum-starved in MCDB-131 media containing 1% FBS for 2 h prior to treatment. Cells pre-treated with the class I and II α-mannosidase inhibitors, Kif or Swain, respectively, for 2 h following serum starvation and prior to exposure to 10 ng/mL TNFα for 4 h, unless otherwise stated. Exogenous hydrogen peroxide concentration was measured at 240 nm and was diluted immediately prior to cell treatment. Pre-treatment with PEG-catalase or EN460 was done 30 min prior to TNFα treatment. Concentrations of different reagents are indicated on figure legends. EN460 and GKT were dissolved in DMSO with a final concentration of less than 0.5% DMSO in the well. Parthenolide and Swain were dissolved in EtOH and final concentrations were less than 1% EtOH in the well. All other reagents were dissolved in aqueous solutions.

2.3. α-mannosidase activity assay {#sec2.3}
---------------------------------

Total (class I and II) α-mannosidase activity was determined utilizing three mannosidase substrates. Activity was measured as described \[[@bib10]\] with Resorufin, 4-methylmumbelliferyl, or p-nitrophenyl α-[d]{.smallcaps}-mannopyranoside substrates with minor modifications. Cells were washed with PBS before lysis in PBS containing 1% Triton X-100 for 10 min on ice before clarification at 10,000×*g* for 10 min 40 μL cell lysate (corresponding to 30--40 μg protein) was prepared, in a microtiter plate, in 100 mM acetate buffer (pH 6.5) and 200 μM of resorufin-α-[d]{.smallcaps}-mannopyranoside, 100 μM 4-methylmumbelliferyl α-[d]{.smallcaps}-mannopyranoside or 10 mM p-nitrophenyl was added to start the reaction. Assays with resorufin-α-[d]{.smallcaps}-mannopyranoside and 4-methylmumbelliferyl α-[d]{.smallcaps}-mannopyranoside were read every 5 min for 18 h at 37 °C, with mixing performed prior to each measurement, at 550/595 or 360/445, respectively, in a Biotek Synergy plate reader. At the end of an 18 h incubation, a basic stop solution (pH 10.4) was added to the reaction with *p*-nitrophenyl and absorbance was measured at 405 nm in a Biotek Synergy plate reader.

2.4. Western blotting {#sec2.4}
---------------------

Cells were treated as described and lysed in RIPA buffer for 10 min on ice. A total of 20 μg protein was loaded onto a 10% SDS-PAGE gel, subjected to electrophoresis before being transferred to a 0.2 μm nitrocellulose membrane, and probed for the described protein by incubation with primary antibody overnight at 4 °C with rocking. Membranes were incubated with HRP-linked, species-appropriate secondary antibodies for 2 h at RT prior to chemiluminescence measurement. Images were analyzed using ImageQuant software (GE Healthcare Life Sciences).

2.5. Lectin staining {#sec2.5}
--------------------

Cells were grown on gelatin-coated glass coverslips and treated as indicated. Cells were washed with ice cold 1x PBS containing 1 mM MgCl~2~ and CaCl~2~ before being incubated with 10 μg/mL FITC- or biotin-tagged lectins (ConA, HHL, SNA, MAL-II) for 10 min on ice. Cells were then fixed for 15 min at RT in 4% paraformaldehyde before being washed and mounted with DAPI-containing mounting medium. Cells treated with biotin-tagged lectins also underwent a 1 h incubation at RT with avidin conjugated to AlexaFluor 594 prior to DAPI mounting. Images were acquired on a Biotek Lionheart fluorescent microscope.

2.6. Surface ICAM-1 and lectin ELISAs {#sec2.6}
-------------------------------------

Cells were grown in 96-well plates and treated as described. Cells were then washed with ice cold 1x PBS containing 1 mM MgCl~2~ and CaCl~2~ before processing. For ICAM-1 surface staining, cells were fixed for 15 min at RT in 4% paraformaldehyde, followed by 1 h blocking in 5% normal serum. Cells were incubated with an ICAM-1 antibody (BMS108, ThermoFisher) overnight at 4 °C before incubation with a species-appropriate secondary antibody conjugated to AlexaFluor 594 for 1 h at RT. After washing, plates were read at 561/617 in a Biotek Synergy plate reader. To quantify lectin binding cells were incubated with 10 μg/mL biotin-tagged lectins (HHL, SNA, MAL-II) for 10 min on ice, then fixed for 15 min at RT in 4% paraformaldehyde before being washed. Cells were then incubated with avidin conjugated to AlexaFluor 594 for 1 h at RT and read on a plate reader at 561 nm (excitation) and 617 nm (emission).

2.7. ROS measurement {#sec2.7}
--------------------

Cells were grown in 96 well plates and treated as described. After treatment, cells were washed with PBS and 10 μM DCFDA was added to each well for 60 min before being read on a plate reader at 485/535.

2.8. Proximity-ligation assay {#sec2.8}
-----------------------------

**Proximity-ligation assay** was performed using [protocols that avoid permeabilization]{.ul} as described \[[@bib15]\]. Briefly, 20 μg of the following biotinylated lectins: the HM and hybrid N-glycan-specific lectin, ConA; the α2,6-sialyation specific lectin, SNA; the HM-specific lectin, HHL; or the α2,3-sialylation specific lectin, MAL-II, were added for 30 min at 4 °C. These lectins were chosen to provide broad coverage of different N-glcyan structures. After washing twice with PBS, samples were blocked with 1X Carbo-Free blocking solution (Vector Labs) for 30 min at 20--25 °C. Immediately following blocking, samples were incubated with oligo-tagged avidin or *anti*-ICAM-1 (10 μg/mL) for 1 h at 37 °C followed by ligation and amplification steps as per the protocol.

Human ICAM-1 antibody (clone RR1/1) used recognizes an extracellular (domain 1) epitope on ICAM-1 that is devoid of N-glycans. Slides were left to dry and mounted using the DuoLink® mounting medium containing DAPI.

2.9. Monocyte isolation and adhesion assay {#sec2.9}
------------------------------------------

Primary human monocytes were isolated from freshly drawn whole blood collected by venipuncture from healthy volunteers using magnetic beads as described \[[@bib15],[@bib16]\]. Briefly, after removal of the plasma layer, blood was layered on top of a Histopaque gradient, centrifuged, and monocytes isolated from the top layer. Monocytes were incubated with a CD16 antibody and isolated using positive selection via a magnetic column. The flow-through (CD16^−^ cells) was then incubated with a CD14 antibody to isolate distinct CD16^+^ and CD16^−^ monocyte populations. All cell separations were confirmed via flow cytometry analysis and protocols approved by the UAB Institutional Review Board. Monocyte populations were incubated with 1 μM fluorescent CellTracker™ dyes; CD16^−^ cells were labeled with CellTracker™ green (CMFDA) and CD16^+^ cells were labeled with CellTracker™ blue (CMAC). Monocytes were then were combined in equal amounts (final cell count 250,000 cells/mL; 125,000 cell/mL of each subtype), unless otherwise stated. Treated HUVEC were exposed to fluorescent monocytes at a flow rate of 100 μL/min, corresponding to 1 dyne/cm \[[@bib2]\], in a GlycoTech parallel plate flow chamber. Images were captured on a Biotek Lionheart live cell imager over 2 min at 30 frames/sec. Any cell that was stationary for ≥5 s was considered firmly adhered as described [@bib27], [@bib16]\[[@bib16],[@bib27]\]. Rolling velocities (velocity of monocytes that are engaging with and rolling over the endothelium) were calculated from 5 random cells using the mTrackJ plugin on ImageJ (NIH).

### 2.9.1. Statistics {#sec2.9.1}

All statistical analysis was performed using GraphPad Prism software. Paired *t*-test or one-way ANOVA followed by Tukey\'s post hoc test were performed as indicated in the figure legends. Each experiment (\>3 replicates within each experiment) was performed at least three times, with means from each experiment providing a single replicate.

3. Results {#sec3}
==========

3.1. TNFα inhibits α-mannosidase activity and increases hypoglycosylation in ECs in a time-dependent manner {#sec3.1}
-----------------------------------------------------------------------------------------------------------

HUVECs, HAECs, and PMVECs were exposed to 10 ng/mL TNFα for 0--18 h and α-mannosidase activity measured as described in methods. With HUVECs and HAECs, α-mannosidase activity was significantly decreased after 4 h, but rebounded back to control levels by 18 h ([Fig. 1](#fig1){ref-type="fig"}B). While the extent of inhibition appears to be modest (20--25%), the employed activity assay measures all class I and II α-mannosidases (total 9 isoforms) suggesting that not all isoforms of α-mannosidases are being inhibited. In PMVECs, TNFα had no significant effect on α-mannosidase activity at any time ([Fig. 1](#fig1){ref-type="fig"}B). To assess if inhibition of α-mannosidase activity translated to altered surface N-glycans, staining with ConA, HHL, SNA, and MAL-II lectins, specific for high-mannose (HM), hybrid, α−2,6- or α−2,3- sialylated N-glycans respectively, was performed. [Fig. 1](#fig1){ref-type="fig"}C shows representative images of lectin staining, with [Fig. 1](#fig1){ref-type="fig"}D--F showing quantitation of lectin binding using ELISA performed in parallel experiments. TNFα increased surface expression of HM structures in HUVECs and HAECs, but not PMVECs, at 4 h, with expression returning to basal level by 18 h paralleling changes in α-mannosidase activity. Notably, TNFα induced a significant increase in α−2,3-sialyation on the surface of PMVEC, but not other ECs tested ([Fig. 1](#fig1){ref-type="fig"}F).

3.2. TNFα inhibition of α-mannosidase activity is class-I dependent {#sec3.2}
-------------------------------------------------------------------

There is currently no class-specific α-mannosidase activity assay; the assay used here measures both class I and II (total) α-mannosidase activity. To elucidate the distribution of class I and II α-mannosidases in ECs, activity was measured after treating HUVECs and HAECs with increasing doses of the α-mannosidase class I and II inhibitors, Kifunensine (Kif) and Swainsonine (Swain), respectively. Refer to [Fig. 1](#fig1){ref-type="fig"}A for Kif and Swain inhibition sites. In both ECs tested, Kif ([Fig. 2](#fig2){ref-type="fig"}A) and Swain ([Fig. 2](#fig2){ref-type="fig"}B) each inhibited α-mannosidase activity in a dose-dependent manner, with maximal inhibition of \~50--60% for class I and \~40--50% inhibition of class II, suggesting approximately equal distribution of each α-mannosidase activity in ECs.Fig. 2**TNFα inhibition of α-mannosidase activity is class-I dependent and independent of NF-κB. A.** HUVECs and HAECs were treated for 2 h with increasing doses of Kif and total α-mannosidase activity measured. \* = p ≤ 0.05 compared to untreated cells by 1-way ANOVA with Tukey post-test relative to no Kif treatment. Data are mean ± SEM, n = 3. **B.** HUVECs and HAECs were treated for 2 h with increasing doses of Swain and total α-mannosidase activity measured. \* = p ≤ 0.05 compared to vehicle treated cells by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **C.** HUVECs were pretreated with 1 μM Kif or Swain for 2 h prior to 4 h TNFα treatment and α-mannosidase activity measured. Dotted lines represent calculated additive effect determined by level of inhibition from TNFα combined with inhibition of Kif alone or Swain alone as described in results section.\* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα; \$ = p ≤ 0.05 compared to Swain alone by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 4. **D.** Western blot image and **E** & **F.** analysis of complex and HM-ICAM-1, respectively, in HUVECs pretreated with 5 μM Parth prior to 4 h TNFα treatment. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. **G**. α-mannosidase activity measured in cells treated as described in **D** & **E.** \* = p ≤ 0.05 compared to untreated control by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3.Fig. 2

Next, HUVECs were treated with Kif (1 μM) and Swain (1 μM) at doses that maximally inhibited each α-mannosidase prior to exposure to TNFα, and α-mannosidase activity measured. [Fig. 2](#fig2){ref-type="fig"}C shows that individually TNFα, Kif or Swain inhibited α-mannosidase activity by \~25%, \~40%, and \~50%, respectively. When combined, TNFα and Swain inhibited α-mannosidase activity \~70% similar to the calculated additive inhibitory effects determined by combining the inhibitory effects of TNFα and Swain alone (indicated by dotted line). The combination of TNFα and Kif did not lead to a further inhibition beyond each alone (if additive, calculated combined effect should \~\~65% inhibition) suggesting that TNFα inhibits class I α-mannosidase activity.

To assess mechanism(s), we first tested whether TNFα-dependent inhibition involved NF-κB, which is known to be activated and mediate upregulation of ICAM-1 and other adhesion molecules \[[@bib8],[@bib28], [@bib29], [@bib30]\]. HUVECs were treated with TNFα with or without the NF-κB inhibitor, Parthenolide (Parth), and expression of ICAM-1 determined by Western blotting ([Fig. 2](#fig2){ref-type="fig"}D). TNFα induced ICAM-1 expression indicated by two bands, at \~75 KDa and \~100 KDa, which we have shown correspond to HM- and α-2,6-sialylated complex ICAM-1 N-glycoforms \[[@bib10]\]. Parthenolide inhibited expression of both complex ICAM-1 and HM-ICAM-1 by \~60--80% ([Fig. 2](#fig2){ref-type="fig"}E and F). [Fig. 2](#fig2){ref-type="fig"}G shows that parthenolide had no effect on TNFα dependent inhibition of α-mannosidase activity however. These data together suggest that α-mannosidase activity is inhibited in parallel with, but independent of, NF-κB-dependent protein upregulation.

3.3. H~2~O~2~ inhibits class-I α-mannosidase activity {#sec3.3}
-----------------------------------------------------

We hypothesized that H~2~O~2~ may mediate TNFα-dependent inhibition of α-mannosidase activity. [Fig. 3](#fig3){ref-type="fig"}A shows that augmenting cellular catalase activity using PEG-catalase prevented TNFα dependent inhibition of α-mannosidase activity. Notably, PEG-catalase alone, in the absence of TNFα further increased α-mannosidase activity above baseline. Data shown in [Fig. 3](#fig3){ref-type="fig"}B demonstrates that exogenous H~2~O~2~ inhibited α-mannosidase activity in a dose- and time-dependent manner. At each dose, maximal inhibition occurred within 10 min. Activity returned to control levels within 30 and 60 min for 1 and 10 μM H~2~O~2~ respectively, but stayed inhibited over 1 h with the 100 μM H~2~O~2~ ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**Hydrogen peroxide inhibits α-mannosidase activity in a time and dose dependent manner. A.** HUVECs were pre-treated with increasing doses of PEG-Catalase for 30 min prior to TNFα treatment and α-mannosidase activity measured. \* = p ≤ 0.05 compared to untreated control. \# = p ≤ 0.05 compared to TNFα alone by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **B.** HUVECs were treated with 0, 1, 10, or 100 μM exogenous H~2~O~2~ for increments between 0 and 60 min and α-mannosidase activity measured. \* = p ≤ 0.05 compared to untreated control by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **C.** HUVECs were pretreated with Kif or Swain 2 h prior to 100 μM H~2~O~2~ treatment for 1 h and α-mannosidase activity measured. Dotted lines represent calculated additive effect determined by level of inhibition from H~2~O~2~ combined with inhibition of Kif alone or Swain alone as described in results section. \* = p ≤ 0.05 compared to untreated control; \$ = p ≤ 0.05 compared to Swain; & = p ≤ 0.05 compared to H~2~O~2~ by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3.Fig. 3

Finally, to determine which class of α-mannosidases H~2~O~2~ was inhibiting, ECs were pre-treated with Kif or Swain prior to H~2~O~2~ exposure. Consistent with the effects of TNFα, H~2~O~2~ inhibited class I activity, as demonstrated by the additive inhibition seen when pre-treated with Swain ([Fig. 3](#fig3){ref-type="fig"}C). No additive effect was seen when pretreated with Kif; dotted lines represent the expected inhibitory effect if additive.

3.4. Role of H~2~O~2~ in regulating HM-ICAM-1 formation and non-classical monocyte adhesion {#sec3.4}
-------------------------------------------------------------------------------------------

Having established a role for endogenous H~2~O~2~ in mediating inhibition of α-mannosidase activity, next we determined H~2~O~2~ regulates ICAM-1 N-glycoform expression and in turn pro-inflammatory monocyte rolling and adhesion. [Fig. 4](#fig4){ref-type="fig"}A shows that PEG-catalase prevented TNFα-dependent increases in surface HM/hybrid N-glycans, but had no effect on complex α-2,6-sialyated N-glycans (SNA binding). No changes in α-2,3-sialyated N-glycans (MALII binding) was observed with any treatment, consistent with [Fig. 1](#fig1){ref-type="fig"}. To determine if this result led to altered N-glycoforms of ICAM-1 on the cell surface, we utilized the proximity ligation assay (PLA). [Fig. 4](#fig4){ref-type="fig"}B and C shows TNFα-treated ECs increased both HM-ICAM-1 and α-2,6-sialyated ICAM-1; PEG-catalase however only inhibited expression of HM-ICAM-1. Our previous studies validated that these PLA signals represent ICAM-1 N-glycoform on the cell surface and that HM-ICAM-1 selectively mediates adhesion of CD16^+^ monocytes, but has no role in adhering to CD16^−^ monocytes \[[@bib15]\]. [Fig. 4](#fig4){ref-type="fig"}D shows that TNFα treatment of ECs increase adhesion of both monocyte subsets. PEG-catalase partially inhibited CD16^−^ monocyte adhesion, but completely attenuated CD16^+^ monocyte rolling and adhesion. PEG-catalase treatment alone had no effect. Similarly, TNFα treatment of ECs decreased velocities of both monocyte subsets, with PEG-catalase preventing this with CD16^+^ monocytes only ([Fig. 4](#fig4){ref-type="fig"}E). Importantly, these effects on rolling and adhesion associated with N-glycoforms of ICAM-1 and not changes in surface levels of the ICAM-1 protein itself ([Fig. 4](#fig4){ref-type="fig"}F).Fig. 4**TNFα-induced HM-ICAM-1 formation and α-mannosidase activity inhibition can be reversed with PEG-Catalase. A.** HUVECs treated with 100 units of PEG-catalase 30 min prior to TNFα treatment and lectin staining with ConA, HHL, SNA, and MAL-II was performed. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3 **B**. HUVECs were treated as described in **A** and subject to proximity-ligation assay (PLA) for HM- (HHL) and α-2,6,-sialylated (SNA) ICAM-1. Shown are representative images. Red puncta indicate positive staining for the ICAM-1 N-glycoform probed. **C.** Quantitation of red puncta from panel B. \* = p \< 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **D.** HUVECs were treated as described above and CD16^−^ and CD16^+^ monocyte adhesion to the ECs was measured under flow. \* = p \< 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **E.** Monocyte rolling velocities calculated from (D). Data are mean ± SEM, n = 3. \* = p \< 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. **F.** HUVECs were treated as described above and total surface ICAM-1 was measured via ELISA. \* = p \< 0.05 compared to control by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.5. Inhibition of ERO1-α rescues TNFα inhibition of α-mannosidase activity {#sec3.5}
---------------------------------------------------------------------------

After establishing that H~2~O~2~ modulates α-mannosidase activity, we then wanted to determine where the H~2~O~2~ was originating from during TNFα treatment. Because some of these α-mannosidases reside in the ER, we first tested H~2~O~2~-producing enzymes in the ER: NADPH-oxidase 4 (NOX4) and ERO1α \[[@bib31]\] The effects of the dual NOX1/4 inhibitor GKT137831 ^32^, and the ERO1α inhibitor EN460 ^33^ were tested. [Fig. 5](#fig5){ref-type="fig"}A shows that NOX4 inhibition had no effect on α-mannosidase activity, while inhibiting ERO1α reversed the effect of TNFα, suggesting that the source of H~2~O~2~ via TNFα is the latter. ERO1α accepts electrons from reduced protein disulfide isomerase, which in turn modulates disulfide formation during protein translation. The reduced ERO1 is re-oxidized by molecular oxygen, the latter being reduced to H~2~O~2~ in the ER \[[@bib31],[@bib34]\]. EN460 is a small-molecule inhibitor that binds reduced ERO1α preventing its oxidation and H~2~O~2~ production \[[@bib33]\]. The oxidized and reduced forms of ERO1α can be monitored by their differential migration on a non-reducing Western blot \[[@bib33]\]. [Fig. 5](#fig5){ref-type="fig"}B shows that under basal (steady state) conditions, \~5--10% of ERO1α is in the reduced state. After TNFα treatment however, total levels of ERO1α increased \~3-fold with the proportion of the reduced form increasing to \~25%. EN460 treatment alone increased the proportion of reduced ERO1α to \~40%. Importantly, EN460 did not change TNFα-dependent increased expression of ERO1α, but did further increase the proportion that was reduced to \~50%. [Fig. 5](#fig5){ref-type="fig"}C shows that EN460 inhibited TNFα dependent increases in DCF fluorescence also, demonstrating a role for ERO1α derived DCF-reactive species in ECs stimulated with TNFα. [Fig. 5](#fig5){ref-type="fig"}D shows ERO1α inhibition decreased HM-N-glycan expression on the cell surface but not of α-2,6-sialyated N-glycans. [Fig. 5](#fig5){ref-type="fig"}E and F shows representative PLA images and quantitation of HM- and α-2,6-sialyated ICAM-1; EN460 treatment abrogates TNFα induced HM-ICAM-1 but not complex ICAM-1. Consistent with these observations, inhibition of ERO1α selectively inhibited CD16^+^ monocyte adhesion to TNFα-treated ECs under flow, but had no effect on CD16^−^ monocyte adhesion ([Fig. 5](#fig5){ref-type="fig"}G). Importantly, these effects were not due to altered levels of ICAM-1 protein on the cell surface ([Fig. 5](#fig5){ref-type="fig"}H).Fig. 5**ERO1-α inhibition abrogates TNFα-inhibition of α mannosidase activity and HM N-glycan formation. A.** HUVECs were pretreated with either 10 μM GKT137831 or 5 μM EN460 to inhibit NOX4, ERO1-α, respectively, prior to TNFα treatment and α-mannosidase activity measured. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **B.** HUVECs were treated with 5 μM EN460 to inhibit ERO1-α prior to TNFα and oxidized and reduced ERO1α measured via Western blot. Data are mean ± SEM, n = 3. \* = p ≤ 0.05 total ERO1α levels compared to control; \# = p ≤ 0.05 reduced form compared to TNFα; \$ = p ≤ 0.05 reduced form compared to control by 1-way ANOVA with Tukey post-test. **C.** ROS measurement by DCF assay in HUVECs treated as described above. Data are mean ± SEM, n = 3. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. **D.** Four lectin stains of HUVECs treated with TNFα and EN460. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. **E.** Representative images of HUVECs treated as described above and subject to PLA for HM- and α-2,6,-sialylated ICAM-1 via HHL and SNA. Red puncta indicate positive staining for the ICAM-1 N-glycoform probed. **F.** PLA quantitation. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **G.** HUVECs were treated as described and CD16^−^ and CD16^+^ monocyte adhesion to the ECs was measured under flow. \* = p ≤ 0.05 compared to control; \# = p ≤ 0.05 compared to TNFα by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. **H.** HUVECs were treated as described and surface ICAM-1 was measured via ELISA. \* = p ≤ 0.05 compared to control by 1-way ANOVA with Tukey post-test. Data are mean ± SEM, n = 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 5
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N-glycosylation regulates protein function in multiple ways including ensuring correct folding, trafficking to the surface or extracellular compartment, modulating protein stability, conformation and providing ligands that mediate cell-cell interactions. Our recent study suggest that HM structures on ICAM-1 provide ligands to selectively recruit pro-inflammatory (CD16^+^) monocytes; a subset that strongly associates with increased risk and more severe cardiovascular disease \[[@bib17], [@bib18], [@bib19]\]. In this study, we demonstrate that one mechanism for HM-ICAM-1 formation is inhibition of α-mannosidase, and further identify ER-derived H~2~O~2~ as an important mediator of this inhibition.

Our previous work showed that TNFα decreases α-mannosidase activity in endothelial cells \[[@bib26]\]. We extend this understanding to show that TNFα specifically inhibits class I α-mannosidases. There are 4 class I and 5 class II α-mannosidase isoforms, however their relative protein expression and activities in ECs is not known. A further limitation is the lack of methods that discern isoform specific activity. The method we employed to measure α-mannosidase activity measures both class I and II isoforms. Notwithstanding method limitations, we used two well characterized inhibitors of class I and II α-mannosidases and based on the lack of additive inhibition with TNFα or H~2~O~2~ with Kif, we conclude that class I α-mannosidases are inhibited by TNFα or H~2~O~2~. We speculate that the \~25--30% inhibition observed with TNFα, or low dose H~2~O~2~, reflects inhibition of a small subset of the four class I α-mannosidases. Ongoing studies will determine which class I isoform(s) are important, but to our knowledge, this is the first report of a class of α-mannosidases being subject to redox-dependent modulation.

Another important observation was that inhibition of α-mannosidase activity in EC *in vitro* was transient and paralleled transient increases in surface HM-ICAM-1. This may reflect a response more typical of innate immunity where HM-ICAM1 increases and then decreases to allow resolution of acute inflammation to occur. Also of note, it was only in HUVEC and HAEC where α-mannosidase activity decreased and HM epitopes increased; PMVECs had an increase only in α-2,3-sialylation. These data also provide a potential mechanism that underlies functional heterogeneity in endothelial cells from different vascular beds and support our hypothesis of an N-glycan endothelial "zip-code" for the selective recruitment of monocytes to sites prone to chronic vascular inflammatory disease \[[@bib5],[@bib35],[@bib36]\].

One of the major effects of TNFα on endothelial cells is the production of H~2~O~2~ \[[@bib37], [@bib38], [@bib39]\], which led us to test a role for this reactive species in modulating α-mannosidase activity. Attenuation of TNFα effects by PEG-catalase, and replication of α-mannosidase inhibition by reagent H~2~O~2~ identifies, to our knowledge, a novel role for reactive species in regulating protein N-glycosylation. While there are studies documenting the association between reactive species and advanced glycation end products, potential links between redox signaling and N-glycosylation have only been hypothesized to date \[[@bib40], [@bib41], [@bib42]\]. A common feature in redox signaling is altered activity of kinases and phosphatases and ensuring changes in protein phosphorylation. Presented data extend these paradigms to include regulation of α-mannosidase activity and modulation of protein N-glycoforms. Given that N-glycosylation occurs on \>60% of cell-surface and secreted proteins \[[@bib1]\], we speculate that ER-redox homeostasis will play important roles in regulating the function of proteins that are secreted or expressed on the cell surface.

H~2~O~2~ inhibited α-mannosidase activity within 15 min and at relatively low doses (1--10 μM) when administered exogenously. While we have not quantified H~2~O~2~ levels in the ER in TNFα or H~2~O~2~ treated cells, this result suggests effects of H~2~O~2~ are potent and likely via direct modifications to the α-mannosidase(s) themselves. Our working hypothesis is that H~2~O~2~ reacts with one or more of the 4 class I α-mannosidases, inducing an oxidative-post-translational modification that results in inhibition or rapid protein degradation, rather than inhibition of gene-transcription. Notably, activity returned to baseline relatively quickly (30min) consistent with an oxidative- and reversible post-translational modification mechanism.

There are multiple potential sources of H~2~O~2~ in ECs. The ER contains both H~2~O~2~ producing enzymes and antioxidant systems, including GPX7/8, Prx 4 and a dynamic glutathione pool; for example, Anathy, et al. showed that ER-produced H~2~O~2~ mediates S-glutathionylation of Fas ligand to regulate apoptosis \[[@bib43]\]. Such data underscore the potential for the ER to be a redox signaling hub within the cell \[[@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49]\]. Other groups have studied how oxidant and antioxidant systems play roles in ER redox homeostasis in various organ systems such as the CNS neurons and hepatocytes \[[@bib50],[@bib51]\]. However, relatively little is known about ER-dependent mechanisms and regulation of redox signaling in ECs. Since the majority of α-mannosidases reside in the ER-Golgi secretory pathway, we focused on H~2~O~2~-producing enzymes in this compartment. Our data identified ERO1α as a target of TNFα dependent activation of ECs and the source of H~2~O~2~ that regulates protein N-glycosylation. Whether increases in ERO1α represents an integrated response of the ER to upregulated protein transcription and translation or a selective effect of TNFα on ERO1α specifically remains to be determined. Similarly, further studies need to evaluate whether this is a general response to inflammatory stimuli or specific to TNFα. We also note the limitation that while our data support a role for ERO1α, further studies are needed to exclude NOX4 (recent studies have shown that the NOX4 inhibitor used may have other non-specific effects \[[@bib32],[@bib52]\]) and test other cellular sources of H~2~O~2~.

In summary, the data herein provide evidence for a novel redox signaling mechanism, whereby ER-H~2~O~2~ modulates formation of protein N-glycoforms, further underscoring the role of ER-redox homeostasis and control of the surface and secreted proteome.
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